Two new parameters which can numerically describe the precipitate distribution are proposed. One is for the directional alignment along [/r/V] direction and is symbolized by 'Plhk,. The other is for the non-uniform (localized) distribution and is symbolized by A. By using the parameters, the sequence of morphological change of coherent precipitates under the influence of elastic interaction energy in Ni-base alloys are analyzed and the following conclusions are obtained: (1) as coarsening proceeds, the alignment along <lOO> starts, then the localization also starts, (2) after non-uniform (localized) distribution of particles which are aligned along <lOO> is attained, the particle sizes become uniform, (3) the retardation of coarsening takes place.
Introduction
Recently, knowledge of the elasticity effects on precipitate morphology has rapidly been advancing. A typical example is the case in which the elastic interaction energy plays an essential role. A number of strange phenomena of coherent y' precipitate particles (N&X phase having an Ll, structure) have been found one after another, e.g. the splitting of precipitate (l-6), the deceleration of precipitate coarsening (7) (8) (9) (10) (11) (12) , etc. Such strange phenomena can be understood only when the elasticity effect and, in particular, the effect of elastic interaction energy between particles are taken into consideration. The elastic interaction energy Eint originates from the overlap of the elastic strain fields around the individual coherent particles. An important feature of elastic interaction energy is that it has a negative minimum when the two particles are adjacent to each other along <loo> directions (13) . Ardell, Nicholson and Shelby (14) proposed an idea about the precipitate distribution. They showed that an elastic interaction between y' particles actually arises from the difference between the elastic moduli of particle and matrix. Furthermore, they postulated that y' particles become aligned along <lOO> directions due to the elastic interaction. Since then their conclusion has widely been recognized as describing the effect of elastic interaction on the two-phase microstructure containing coherent precipitates: i.e. the elastic interaction brings a fairly uniform (homogeneous) distribution of particles. However, a theoretical calculation by Doi, Fukaya and Miyazaki (15) predicted that the elastic interaction has a tendency to bring a non-uniform distribution of coherent particles. This prediction was proved by scanning electron microscopy of y' particles in a Ni-Al-Ti alloy. The conclusion obtained by Doi et al. suggests that the already well-known idea proposed by Ardell et al. should be changed.
It is certain that a number of experimental studies published so far have discussed the directional distribution of precipitate particles in the course of ageing. However, since the distribution state cannot be expressed numerically, the discussion remains in a qualitative stage. The aims of the present study are (I) to propose two new parameters describing the state of particle distribution, (II) to observe with transmission electron microscopy (TEM) the distribution changes of coherent particles in Ni-base alloys, and (III) to discuss the elasticity effect on the precipitate distribution.
New Parameters Describing the Particle Distribution
A Parameter Describing the Directional AliPnmez Fourier transformation of a two-phase structure containing precipitate particles gives a power spectrum containing information of the precipitate morphology. The area distant from the origin of the spectrum reflects the short-range correlation, i.e. the shape of the particles, while the area near the origin reflects the long-range correlation, i.e. the distribution of the particles. Figures l-a and -b are schematic illustrations of two structures having the same morphology except for the particle shape. Figures l-c and -d show the power spectra of the structures a and b, respectively. There is no practical difference between the two spectra in the intensity near the origin. Furthermore, satellites indicated by arrows can be seen in the spectra. The satellites for the two structures are the same. If the particles in a structure are aligned along a certain crystallographic direction [Uf], the intensity of the power spectrum of the structure increases in the [trkl] near the origin of the spectrum. Furthermore, if the particles are periodically arranged in the [t&l] , satellites also appear in the [hkl] . The distance between the first satellite and the origin corresponds to the reciprocal of the mean inter-particle distance. The spectrum inside the circle whose radius is twice the distance between the first satellite and the origin (as shown schematically in Fig. l-e) contains information only on the correlation larger than half of the mean inter-particle distance. Therefore, the spectrum inside the circle should be analyzed to eliminate the influence of particle shape. Here bhk, is given by (2) where Ihk, is the mean intensity of the power spectrum inside the circle in the [hkl] direction, and Iall is the mean intensity of the power spectrum inside the circle in all directions. V,i, is the V value when particles are randomly distributed (without any directionality) and V,,,=l. .'Jc'.,,,~ is the ideal 'Y value when the distribution of particles is perfectly ordered. In Ni-base alloys contammg coherent precipitate particles, 'Yr,, is especially important because <loo> directions are elastically soft. Figure 2 illustrates TEM images of coherent Ni,Mo particles in Ni-16.3at%Mo alloy aged at 973 K for 8.64 X 10' s (a) and for 2.59 x lo6 s (c). At a glance, it seems that there is no practical diffcrencc between the two micrographs. However, we can recognize some difference between the power spectra of the structures (see Figs. 2-b and -d). The I,,, values are 0.0311 for the former and 0.0426 for the latter. The parameter VT,,, can express the slight difference in the degree of particle alignment along [kkl] . Such a difference is not easily detected in TEM images.
A Parameter Describing the Non-uniform Distribution
When a square lattice is drawn on a micrograph of two-phase structure containing precipitate particles, the individual lattice points are on either the particle or the matrix, as illustrated in Fig. 3 . The former points indicated by open circles are called P, while the latter points indicated by solid circles are called M. Here the lattice constant ug is set to the mean particle size Z which corresponds to the inter-centre distance when the particles having the mean size are in contact with each other (7 is the mean radius for spherical particles and mean half length of the edge of cuboidal particles). In Fig. 3 , the nearest ncighbour points can be described as three types of pairs: i.e. P-P, P-M and M-M.
The more uniformly the particles are distributed, the larger the number of P-M pairs are. The more locally (non-uniformly) the particles are distributed forming groups, the larger the number of P-P and M-M pairs are. Therefore, the parameter ), which is defined by the following equation can describe the non- uniformity in particle distribution:
where /txmy is the number of X-Y pair and IZ,,, is the total number of all the pairs.
When the volume fraction of particles is not equal to 50 %, the value of n,,+, or 12~~~ inevitably increases and hence the 1 value also increases. Therefore, to eliminate such a shortcoming of A, WC must introduce a new parameter A defined as ~min is the minimum value of 1 obtained when the particles are randomly distributed, and is given by Iti-A,2+(1-Ar)2-2Af(l -AJ (5) whereA, is the area fraction of particles, the first and the second terms express the probability of P -P and M-M pairs, and the third term expresses that of P-M pairs. X,, is the maximum value of A. obtained when all the particles unite with each other to form a big square particle in the matrix, and is given by
The numbers 512 and 400 appear because every micrograph to be analyzed is divided into 512 x 400 picture elements. By using the parameter A, we can correctly describe the degree of non-uniformity in particle distribution, i.e. the degree of localization of particles. For example, the A values for the structures in Figs. 2-a and -b are 0.103 and 0.272, respectively.
Quantitative Analyses of MornholoPical Changes in Elasticallv Constrained Systems
The distribution of coherent particles is greatly affected by the elastic interaction between particles. The elastic interaction arises from overlapping the elastic strain fields originated from lattice misfit 6 between the particle and the matrix. The larger the S is (i.e. the stronger the elastic constraint is), the stronger the effect of elastic interaction is. Furthermore, the elastic interaction is also a function of inter-particle distance and hence volume fraction& To make clear the elasticity effect, particularly the effect of elastic interaction energy on the particle distribution, several Ni-base alloys having different 6 and different fv were used in the present study, as listed in Table I . The changes in particle distributions were observed with TEM and the changes were numerically analyzed by using the parameters !Pr,, and A explained in the previous section. Weakly Constrained Svstem y' in Ni-Cr-Al is typical of weakly constrained systems with very small 16 1 . In this system, the elasticity effect is negligibly small while the effect of surface energy is dominant. Figures 4-a and -b illustrate the TEM images of y' particles in Ni-Cr-Al and the power spectra of the images. The power spectra exhibit neither directionality nor satellites. The changes in ?, 'I!,, and A during ageing are shown in Fig. 5 (a) . Particle coarsening obeys the so-called tY3-law predicted by the LSW theory of 541 Ostwald ripening. The values of YroO and A remain small during ageing, which indicates that the particle distribution is quite uniform and exhibits no directional alignment.
Intermediately Constrained System y' in Ni-Si is typical of intermediately constrained systems with intermediate 1 S 1 . In this system, the elasticity effect is not dominant at smaller F but it becomes gradually stronger as particle coarsening proceeds. Figures 4-c and -d illustrate the TEM images of y' particles in Ni-Si and the power spectra of the images. At the early stage of ageing, the power spectra exhibit neither obvious directionality nor satellites. However, as the ageing proceeds, directionality appears and the satellites become clear. The changes in ?, Yy,,, and A during ageing are shown in Fig. 5 (A) . Particles coarsen slightly slower than the prediction of LSW theory. When ? is small, YroO is small and is similar to that of Ni-Cr-Al. A is also small at smaller i-. As coarsening proceeds, the system comes under the influence of elastic interaction because 16 I is rather large. y' particles come to exhibit the alignment along <loo> and the non-uniform (localized) distribution. Therefore, the values of I,,, and A increase. Similar behaviour is also observed for y' particles in Ni-Al alloy. However, the elasticity effect in Ni-Al is 543 more obvious than that in Ni-Si because 1 S I for Ni-Al is larger than that for Ni-Si.
Stronglv Constrained System y' in Ni-Cu-Si is typical of strongly constrained systems having large 16 I . Figures 4-e and -f illustrate the TEM images of y' particles in Ni-Cu-Si(Lf) and the power spectra of the images. In this system, the elasticity effect appears even at the early stage of ageing because of large I 6 I . For example, satellites can clearly be seen in the power spectrum even at the early stage of ageing. This means that a good periodicity in particle distribution already exists due to elastic interaction between particles. The changes in i, V,,, and A during ageing are shown in Fig. 5 (0) . Coarsening proceeds more slowly than the prediction of LSW theory. The pIlo values are higher than other systems, which means that the tendency for particles to be aligned along <loo> is stronger in Ni-Cu-Si as compared with other systems. This tendency is more obvious for Ni-Cu-Si(Hfj with high volume fraction than Ni-Cu-Si(Lf) with low volume fraction. Ni,Mo in Ni-Mo is another system having large 16 1 . The ageing behaviour is similar to the case of y' in Ni-Cu-Si. However, since the surface energy of Ni,Mo in Ni-Mo is larger than that of y' in Ni-Cu-Si, the elasticity effect is less dominant in Ni-Mo than in Ni-Cu-Si.
Elasticitv Effect on the Particle Distribution Figure 6 -a illustrates the changes in I,,, of various systems as a function of r. It can be seen from this figure that the larger the 16 I va ue is, the more smoothly the particles are aligned along <loo> direc-1 tions. When the lattice misfit is large, the elastic interaction energy is also large even at small r at which, in general, the surface energy should be dominant. In such a case, the alignment along c lOO> is energetically favourable because the elastic interaction energy is negative in <loo>. Therefore, when competitive growth takes place, the particles to be left are those aligned along <lOO> and the particles which are not aligned along <loo> will disappear. Furthermore, when the 16 1 value is the rate of alignment, i.e. dY/di-, is also large. The rate of alignment is roughly proportional to d Y/d?-9.1 x 1O-4 16 I.
Figure 6-a also indicates that the volume fraction of particles fy affects the directional alignment. At a given ?, the Y value for the system having high volume fraction is larger than for the system having low volume fraction, although the volume fraction does not give any practical difference in the dY/&value. When the volume fraction is high, the inter-particle distance is short and hence the effect of elastic interaction is strong. Therefore, the particle alignment at high volume fraction is more susceptible to elastic interaction than that at low volume fraction. Figure 6 -b illustrates the changes in A of various systems as a function of ?. When IS I is large, the A value is large at smaller i and the maximum of A value attained due to ageing is also large. The larger the 16 I va 1 ue is, the more smoothly the A value increases. Furthermore, the system having higher volume fraction tends to exhibit larger A value. These results are natural because the nonuniform distribution of coherent particles arises from the elastic interaction energy. Figure 7 illustrates the changes in 7, Yy,,, and A during ageing of Ni-Mo. At the early stage of coarsening, since the surface energy is dominant, precipitate particles are not localized and are not aligned along a certain direction. As coarsening proceeds, elasticity effect becomes dominant, and the particles begin to be aligned along <loo> directions. A little later, the particles also begin to be localized thereby forming groups. Then non-uniform (localized) distribution of particles which are aligned along <loo> is attained. And finally the particle sizes become uniform, which results in the retardation of coarsening. This kind of analysis has not been performed so far because we were unable to interpret the particle distribution numerically. It is clear that the parameters I,,, and A enable correct understanding of the sequence of morphological changes like the above.
Concluding Remarks
Many properties of Ni-base superalloys result from y' precipitate morphology. Morphological changes of coherent particles are under the influence of elastic interaction between the particles. It is shown that two new parameters presented in this study are very useful to describe quantitatively the particle distribution. The morphological changes of precipitates like y' can correctly be interpreted only by using the parameters. The sequence of the morphological changes of coherent particles under the influence of elastic interaction in Ni-base alloys is as follows: 1) alignment along <loo>, 2) localization followed by group formation, 3) equalization of particle sizes, 4) retardation of coarsening.
